The superconducting compound YBa+aOx with a transition temperature (Tc) around 92K contains oxygen vacancies in an ABO, perovskite structure. Its superconductivity is sensitive to the oxygen content and hence the preparation procedure',*. A dramatic trend indicating the temperature dependence of resistivity was found in samples quenched in an oxygen atmosphere at different temperatures.
As shown in Figure 1 , a sharp superconducting transition with Tc at 92K is observed only in slowly cooled samples, whereas those quenched above 800K exhibited semiconducting behavior. Other evidence2s3 suggests that the number of oxygen vacancies increases at higher temperatures due to the reduction of Cu ions, and that the best superconductor has x=7 oxygens in the above formula. In this report, we present new experimental results which elucidate the structural changes during various *Also in the Department of Nuclear Engineering. oxidation treatments, including a tetragonal to orthorhombic transition which occurs at different temperatures depending on the oxygen content. We further correlate the superconducting temperature with the orthorhombic lattice parameters and lattice distortion. A structural interpretation based on the electrostatic interactions between oxygen vacancies is provided.
Experiments on oxidation of YBa&usO, covering a range of oxygen pressures from 0.02 to 200 MPa and temperatures up to 1223K were used to effect modifications to the perovskite structure via exchange of oxygen anions and their vacancies. Starting samples were prepared both by mixing BaCO,, Y,O, and CuO powders and by co-precipitation of Y-Ba-Cu oxalate from an acidic solution. After calcination, isostatically pressed pellets or plates were sintered at 1223K in flowing oxygen, then slowly cooled. After further oxidation treatment, the crystal structures were analyzed by X-ray diffraction using Cu metal as an internal standard. The resistivities were measured by a four-point probe method with the Tc determined when the resistivity vanished and the ohmic behavior disappeared.
The phases identified at room temperature for samples quenched from various oxygen pressures and temperatures are summarized in Figure 2 , with the Tc shown adjacent to the data points. The nomenclature used here is: T for the tetragonal phase (a=b<c/3), Oii for the orthorhombic phase when a<b<c/3, and Oi for the orthorhombic phase when a<b=c/3. The c axis is taken to be the direction along which the cations Ba-Y-Ba are stacked. Two prominent series of X-ray diffraction peaks illustrating the above three cases are schematicallv shown in Figure 3 . Previouslv. Gallagher et al3 attributed the Oii regime to the coexistence of 0i"and T. However, both our data and theirs indicate that the orthorhombic lattice continuously distorts from Oii to Oi, due to the temperature and (oxygen) composition dependence of b and c. Thus, only one transformation, from tetragonal to orthorhombic, occurs as the oxygen content of the perovskite structure increases, and there is no evidence for a two phase region. The orthorhombic lattice near the phase boundary is characterized by a<bcc/3 giving the appearance of Oii reflections in Figure 3 , a single phase isomorphic with Oi. (200) and (013) reflections (using CuKcl X-ray) for the tetragonal to orthorhombic phase transformation.
The above transformation is believed to be a ferro-elastic distortion which is common among perovskites. A similar transformation was also reported recently for the high Tc (40K) superconductor LaZ_xBaxCu04 at 180K4.
This transformation should be second order, reversible, and free from hysteresis in the absence of a nucleation barrier. In the present compound, the transformation temperature is lowered as the oxygen content is reduced. The tetragonal phase is stable at room temperature when the oxygen content is lower than 6.453.
Low temperature x-ray diffraction indicates that the Oi phase remains stable to at least 20K, well beyond the superconducting transition temperature. Continuing studies are underway to examine the effect of oxygen on the orthorhombic to tetragonal transformation and the variation of the cell parameters of the tetragonal phase.
As apparent from Figure 2 , it is the Oi polytype which manifests high Tc superconductivity.
We have investigated the possible correlations between the orthorhombic lattice parameters and superconductivity. These results are summarized in Figures 4-6 , in which the shortest lattice parameter a, the largest orthorhombic axial distortion c/3-a, and the unit cell volume are plotted against Tc. (In these plots, the highest Tc samples from this study and similar ones from several recent studies3v5,6 are highlighted as open circles.) Despite the considerable scattering which we will address later, correlations between the above quantities appear plausible. Referring to the structure (Figure 7 ) determined by high resolution neutron diffractio&', we can readily interpret the above results to suggest that a short Cul-Oxygen vacancy-Cul distance, a large Jahn-Teller distortion, and a compact cell generally favor high Tc superconductivity.
We now briefly comment on the possible sources of data scattering in the above correlations.
First, given that a unique structural correlation of the functional form Tc versus a, b, or c indeed exists, plotting Tc against any one of the three lattice parameters, or some form of their combinations, as we did in Figures 4-6 Tc WI obscuring any systematic variations.
In contrast, our oxidation study at a fixed cation ratio suggests that the optimal superconductivity might be obtained by "tuning" or "tailoring" the lattice parameters, which can be directly accomplished by controlling the oxygen content.
Recent reports of null isotope effect on the Tc of this compound have-cast serious doubt about the applicability of the classical BCS theorv to high temuerature No attempt will be made here to speculate on the mechanism responsible for superconductivity.
On the other hand, if the systematic variations of lattice parameters under different oxidation treatments are understood, they might shed some light onto the structural aspects of the compound. A detailed examination of our data and those of Gallagher et al3 found that as oxygen content increases from 6.5 to 7, corresponding to the gradual change from Oii to Oi and the decrease in the concentration of oxygen vacancies, the orthorhombic cell parameters c and a contract, while b slightly expands. We will now attempt a semi-empirical explanation based on ionic sizes and electrostatic interactions.
We have calculated the minimum cation-anion distances based on ionic radii for their respective charge states and coordinations".
Our calculated distances are in good agreement with data from neutron diffraction6, except for the spacing between Cu2 and 04 (Tablel). Since ionic radii only account for rigid sphere interactions, it may be possible to explain this discrepancy and other fine structural features in terms of Coulombic interactions. Indeed, the combination of trivalent Cul cations and oxygen vacancies on the basal plane is found to strongly attract 04 anions. This combination-also attracts 02 anionsmore than 03 anions, but reuels Cu2 cations. The different disnlacements of 02 and 03 increase the bond angle 02-Ba-Of more than 03-Ba-03. thus increasing the b spacing more than the a spacing. The attraction of 04 and the renulsion of Cu2 with resuect to the basal plane also combine to increase the Cu2--04 bond length, which may in turn be reinforced and/or stabilized by the Jahn-Teller effect. On the whole, oxidation increases the Cu valence and fills in more 0 anions, resulting in a stronger Coulombic interaction and a more compact unit cell.
Gallagher Figure 6 . Tc dependence of the unit cell volume.
transitions were relatively sharp, the residual resistivity did not vanish until much lower temperatures than expected. This also introduced some scattering in the Tc values.
There have been reports on the effects of substitution of Y and Baby other cationsg-lO, but no systematic variation of the lattice parameters with Tc has been found. This is not surprising if we envision the high temperature (94K) superconductivity to be associated with the Cul-01 layer in Figure 7 . Cation substitutions on other layers and the consequent modification of unit cell lattice parameters can at best have indirect effects on the structure of the Cul-01 layer, and hence, on superconductivity.
The oxygen content probably varies from compound to compound, thus (corresponding to Cu2 in Figure 7) . Comparison of the Cu2 -0(2,3) and Cu2-04 bond lengths (Table 1 ) with those given above shows a nearly identical correspondence despite the change from five-to six-fold coordination. This comparison leads us to speculate that the Cu2-0 (2, 3) sheets are responsible for the lower temperature (70K) transition in This hypothesis is consistent with the observed degradation of superconductivity by reducing the oxygen content to less than seven per unit cell, reouiring removal of oxygen from the 01 positions, thus disrupting thi Cul-01 suuerconducting uathwav. The observed resistivity/susceptibility traisitibn gradually decreases from 94 to 70K as connectivity of the Cul-01 chains decreases and as the Cu2-0 (2, 3) superconducting transition temperature is approached.
In conclusion, we have studied the tetragonal to orthorhombic transition and the structure/Tc relation in YBa,Cu?O, under various oxidation treatments. Only the -I ._ orthorhombic phase is superconducting at higher temueratures. Samoles with the smallest cell volume. closest Cub vacancy-Cu'spacing, and the largest axial distortion, have the highest Tc. We suggest that this "tuning" of lattice parameters, via Coulombic and rigid ionic sphere interactions, and possibly the accompanying correlations with high temperature directional superconductivity, can be adjusted by controlling compositional parameters such as oxygen/vacancy content.
